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Anthrax is caused by Bacillus anthracis, a gram-positive spore-forming bacterium. Septicemia and toxemia
rapidly lead to death in infected mammal hosts. Currently used acellular vaccines against anthrax consist of
protective antigen (PA), one of the anthrax toxin components. However, in experimental animals such vaccines
are less protective than live attenuated strains. Here we demonstrate that the addition of formaldehyde-
inactivated spores (FIS) of B. anthracis to PA elicits total protection against challenge with virulent B. anthracis
strains in mice and guinea pigs. The toxin-neutralizing activities of sera from mice immunized with PA alone
or PA plus FIS were similar, suggesting that the protection conferred by PA plus FIS was not only a
consequence of the humoral response to PA. A PA-deficient challenge strain was constructed, and its virulence
was due solely to its multiplication. Immunization with FIS alone was sufficient to protect mice partially, and
guinea pigs totally, against infection with this strain. This suggests that spore antigens contribute to protec-
tion. Guinea pigs and mice had very different susceptibilities to infection with the nontoxigenic strain,
highlighting the importance of verifying the pertinence of animal models for evaluating anthrax vaccines.

The disease anthrax is caused by Bacillus anthracis, a gram-
positive spore-forming bacterium. It affects mammals includ-
ing humans. After entry into the host, the spores germinate
and yield toxin-producing, capsulated bacilli. Toxemia and sep-
ticemia rapidly lead to death. The bacilli secrete three proteins,
protective antigen (PA), lethal factor (LF), and edema factor
(EF), and these proteins combine to form the lethal (PA plus
LF) and edema (PA plus EF) toxins. PA is the common cell
binding component and is required for toxin activity (14). Two
large virulence plasmids, pXO1 and pXO2, encode toxin pro-
duction and the formation of a poly-�-D-glutamic acid capsule,
respectively (20, 30). Curing B. anthracis wild-type strains of
either plasmid attenuates virulence. However, the residual vir-
ulence of pXO1� strains appears to be strongly influenced by
the backgrounds of both pXO2 and the chromosome (32, 35).
A pXO2� pXO1� derivative of the Ames strain, a strain often
described as particularly virulent (4, 13), has been shown to be
as virulent for mice as the parental strain, due exclusively to
bacterial multiplication and associated septicemia (35). Curing
B. anthracis wild-type strains of pXO2 yields toxigenic, non-
capsulated, attenuated strains with vaccinal properties. One
such strain, the Sterne strain, is used in the form of a live-spore
vaccine for the immunization of animals. Although it performs
satisfactorily (7, 26), it has side effects in some species. The
recent development of a genetically detoxified Sterne strain
derivative, RPLC2, may provide a valuable alternative to the
residual virulence of the Sterne strain (2). The live vaccine is
not considered suitable for human use, but PA-based cell-free
vaccines, prepared from culture supernatants of the Sterne
strain, have been licensed (7, 5, 27). Multiple immunizations
are required to confer protection, and there are cases of reac-
togenicity. Recombinant PA can now be produced from vari-
ous heterologous organisms including Bacillus subtilis (11, 17,

34), and the safety and consistency of PA preparations have
been improved. Highly purified PA preparations and recom-
binant PA have been tested in various animal models, includ-
ing mice, guinea pigs, rabbits, and monkeys (4, 10, 33, 36), in
combination with various adjuvants (9, 12). These studies have
yielded varied results. They also indicate that PA-based vac-
cines are less protective than live-spore vaccines against viru-
lent isolates of B. anthracis (16, 33). Thus, some strains, for
example, the Ames strain, have been termed “vaccine resis-
tant” because full protection in guinea pigs immunized with
PA is possible only with adjuvants unsuitable for human vac-
cines (4, 12, 16). Moreover, several studies illustrate the diffi-
culty of evaluating PA vaccines and establishing a direct cor-
relation between PA-specific antibody titers and protection (9,
12, 26, 28, 29).

In recent years, efforts have been made to improve acellular
vaccines. There is evidence that spore antigens present in live-
spore vaccines make a contribution to protection (3). Immu-
nization with PA targets toxemia but not septicemia, and it is
possible that an immune response to spore antigens would
enhance protective efficacy by targeting the early steps of in-
fection. We thus tested the efficacy of a vaccine composed of
PA and formaldehyde-inactivated spores (FIS) of a genetically
detoxified Sterne strain (RPLC2). Virulent B. anthracis strains
and two animal models were used: (i) guinea pigs, the animals
most commonly used for testing anthrax vaccines (13, 16, 26,
29), and (ii) mice, which are very sensitive to anthrax and
particularly difficult to protect (12, 33). Inclusion of FIS in an
acellular vaccine resulted in total protection against virulent
strains in both animal models, under conditions where PA
alone failed. However, the findings for the two animal species
differed, indicating the importance of assessing the pertinence
of animal models for evaluating anthrax vaccines.

MATERIALS AND METHODS

Bacterial strains. B. anthracis strains were grown in brain heart infusion
medium or on CAP agar plates (25). Spectinomycin (60 �g/ml) was added as
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appropriate. The following B. anthracis strains were used: the Sterne strain 7702
(pXO1�), its derivatives RPLC2 (carrying point mutations affecting the catalytic
sites of EF and LF) (2) and SM11 (with the genes encoding the S layer deleted)
(19), and the virulent strains (pXO1� pXO2�) 17JB (30) and 9602 (a strain
isolated in a fatal human case of anthrax in France [1]). Spores of B. anthracis
strains were prepared as previously described (21). When necessary, spores were
inactivated with formaldehyde (4%) after overnight incubation at 37°C. Spores
were conserved in sterile water at 4°C.

Construction of strain 9602P. The pagA gene carried by pACP41 (22) was
cleaved with NcoI, blunted, and ligated to the nonpolar spectinomycin resistance
cassette (Spc-H�1) (18). The inactivated gene was inserted into pAT113, and
the construct was transferred into strain 9602 by “heterogramic” mating as
previously described (21). The mutant strain carrying the pagA gene deletion
(9602P) in place of the wild-type copy was selected on CAP plates containing
bicarbonate and spectinomycin. The plates were incubated at 37°C in a 5% CO2

incubator to allow transcription of the spectinomycin resistance cassette from the
pagA gene promoter. The construct in 9602P was verified by PCR, and the
absence of PA production was checked by immunoblotting using antibodies
specific for PA.

Immunization and challenge of experimental animals. Seven-week-old female
Swiss outbred mice (six per group) (Iffa Credo, l’Arbresle, France) and female
Hartley guinea pigs weighing 200 to 300 g (Charles River, Saint-Aubin les Elbeuf,
France) were used for virulence and immunization experiments. The compo-
nents used for immunization were purified PA (10 �g/mouse and 40 �g/guinea
pig) and/or FIS of RPLC2. Aluminum hydroxide (0.3%), which is the adjuvant
licensed for human vaccines (5, 27), was used for all immunizations. Mice were
injected subcutaneously (200 �l), and guinea pigs were injected intradermally
(100 �l). Animals were immunized twice, on days 0 and 15. Serum samples were
taken from the retro-orbital plexus of mice and by cardiac puncture from guinea
pigs on day 33. Animals were challenged subcutaneously on day 35. The 50%
lethal dose (LD50; the dose of spores killing half the animals) of 17JB was 500
spores for mice; the LD50 of both 9602 and 9602P was 50 spores for mice. The
LD50 of 9602 was 100 spores for guinea pigs. Mice were challenged with a dose
equivalent to 30 times the LD50 of 17JB, 9602, or 9602P, and guinea pigs were
challenged with 300 times the LD50 of 9602. Surviving animals were sacrificed 2
weeks after challenge.

Serological tests. Enzyme-linked immunosorbent assays (ELISAs) were used
to determine titers of antibodies (total immunoglobulin) specific for the purified
PA as previously described (23). Titers of antibodies to spore surface proteins
were also determined by ELISA. Wells of 96-well microtiter plates (Nunc) were
coated with formaldehyde-treated SM11 spores (107/well) overnight at 37°C.
Spores were then fixed with paraformaldehyde (3.4%). Anti-species antibodies
coupled to peroxidase were used at a dilution of 1/1,000. An arbitrary A492 value
of 0.5 was used to calculate the endpoint titers.

Neutralizing assays on macrophages. Murine macrophages (RAW264.7) were
seeded in a 96-well microtiter plate (Nunc) (2 � 104 cells/well) and incubated for
16 h at 37°C under a 5% CO2 atmosphere. PA (50 ng/ml, the 100% effective
concentration) was preincubated for 1 h at 37°C under a 5% CO2 atmosphere
with dilutions of sera from mice immunized with PA alone or with PA plus FIS.
The complexes were then incubated with LF (1 �g/ml) and the macrophages for
3 h at 37°C under a 5% CO2 atmosphere. Cell viability was quantified by a
colorimetric assay (8).

Statistics. The �2 test was used for statistical analysis.

RESULTS

Protective efficacy of PA plus FIS in guinea pigs. The con-
tribution of FIS to PA vaccine efficacy was first evaluated in
guinea pigs (Table 1). The highly virulent strain 9602, which
has an LD50 similar to that of the Ames strain (13), was used
for challenge. Animals receiving PA alone were poorly pro-
tected (22%), in agreement with the findings of other immu-
noprotection studies. In contrast, inclusion of FIS in the vac-
cine enhanced protection and did so in a dose-dependent
manner. Indeed, protection was 100% when 107 spores or
more were included. Immunization with spores alone, even at
the highest dose, provided only partial protection (25%). The
difference in survival between guinea pigs immunized with PA
alone and those immunized with PA plus 108 FIS was statisti-
cally significant (P � 0.05). The difference in survival between
guinea pigs immunized with 108 FIS alone and those immu-
nized with PA plus 108 FIS was also statistically significant
(P � 0.02). Thus, the combination PA plus FIS provided full
protection under conditions where PA alone or FIS alone
failed to do so.

Protective efficacy of PA plus FIS in mice. Two challenge
strains, the laboratory strain 17JB and 9602, were used with
mice. Their LD50s were 500 and 50 spores per mouse, respec-
tively. Fifty percent and 33% of mice immunized with prepa-
rations of PA or FIS alone, respectively, were protected against
17JB (Table 2). In contrast, 100% of those immunized with the
combination PA plus FIS survived the lethal challenge, al-
though small numbers of animals were used. In the experiment
with strain 9602, using larger number of animals, none of the
animals immunized with either PA or FIS alone survived the
lethal challenge, confirming the virulence of strain 9602 and
the difficulty of protecting mice. Nevertheless, all animals im-
munized with the combination PA plus FIS were protected
against 9602 (P � 0.01).

Characterization of the humoral immune response. In both
animal models, the immunization procedure elicited significant
titers of antibody against PA (�5,000) and spore antigens
(�1,000) (Tables 1 and 2). Sera from immunized animals were
used to probe blots of spore surface antigen preparations. Few
protein bands were recognized (data not shown). The most
strongly labeled antigen was a polypeptide with a molecular
size above 250 kDa.

TABLE 1. Protective immunity induced in guinea pigs
by the combination PA plus FIS

Immunization Protectiona
Serological responseb (titer)

Anti-PA Anti-spores

PA 2/9 (22) 9,600 ND
PA � 105 FIS 2/4 (50) 17,700 1,000
PA � 106 FIS 3/5 (60) 7,900 2,000
PA � 107 FIS 5/5 (100) 12,800 2,000
PA � 108 FIS 9/9 (100) 11,200 15,000
108 FIS 1/4 (25) �100 11,000
Control 0/10 (0) �10 �100

a Number surviving/number challenged (percent). Animals were challenged
with 300 LD50s.

b Titers of antibodies against PA and spores were determined by ELISA.
Values given are reciprocal geometric mean titers. ND, not determined.

TABLE 2. Protective immunity induced in mice by
the combination PA plus FIS

Immunization

Protectiona Serological responseb (titer)

17JB 9602 Anti-PA Neutralizing
titerc 	 SD

Anti-
spores

PA 3/6 (50) 0/18 (0) 8,600 1,060 	 300 ND
108 FIS 2/6 (33) 0/12 (0) 40 ND 18,000
PA � 108 FIS 6/6 (100) 24/24 (100) 12,000 580 	 120 4,400
Control 0/6 (0) 0/18 (0) �10 ND �100

a Number surviving/number challenged (percent). Animals were challenged
with 30 LD50s of one of the two virulent strains.

b Titers of antibodies were determined by ELISA. Values given are reciprocal
geometric mean titers. ND, not determined.

c Reciprocal of the dilution of the pooled sera sufficient to neutralize half of
the activity against macrophages of the lethal toxin. Experiments were performed
in triplicate.
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To determine if the 100% protection observed with the
combination PA plus FIS was the result of higher PA-neutral-
izing antibody titers, we determined the neutralizing activities
of pools of sera from mice immunized with PA alone or with
PA plus FIS (Table 2). The toxin-neutralizing activity of the
PA-plus-FIS pool was no higher than that of the PA pool.
Therefore, the differences in protection observed could not be
due to differences in toxin inactivation.

Protective efficacy of FIS against a capsulated PA-deficient
strain. Infection involves both spore germination and subse-
quent vegetative-cell multiplication. The protection conferred
by immunization with inactivated spores may act on the first of
these processes. To test this, we constructed a challenge strain
the virulence of which is entirely due to its multiplication
properties. To avoid differences in the virulence background of
the strain, we constructed an isogenic nontoxigenic derivative
of 9602 (9602P). To make as small a change as possible, we
introduced a nonpolar deletion into the pagA gene, which
encodes PA.

Strain 9602P was highly attenuated for virulence in guinea
pigs; 106 to 107 spores were required to kill half of the animals.
As expected, immunization with PA was unable to protect
against lethal challenge with 9602P, and no survival was ob-
served (Table 3). In contrast, immunization with FIS gave
100% protection. The difference in survival between the two
groups was statistically significant (P � 0.01). These data
strongly suggest that in guinea pigs, the immune response
against FIS is sufficient to protect against infection with 9602P.

Unlike guinea pigs, mice were highly sensitive to 9602P, and
the LD50 of this strain was similar to that of the wild-type
parental strain, 9602 (50 spores per mouse). Thus, although
9602P did not cause toxemia, its overall virulence in mice was
not substantially affected. Immunization with PA did not pro-
tect mice against challenge with 9602P (Table 3), whereas
immunization with FIS protected 50% of the mice against such
a challenge. These data point to the higher sensitivity of mice
to infection.

DISCUSSION

Anthrax involves both toxemia and septicemia leading to
death of the infected host. PA-based vaccines only target tox-
emia, whereas live-spore vaccines may protect against both the
effects. Numerous studies evidence the substantial contribu-
tion of PA as a vaccine component, but optimal protection is
nevertheless best achieved by live vaccines. Here, we report the
successful immunization of guinea pigs and mice with a com-
bination of PA and FIS. In both animal models, protection
reached 100%. In the sensitive mouse model, the PA-neutral-

izing antibody titers, which have been considered a marker of
protective immunity (24), were not affected upon addition of
FIS. However, protection was 0% after immunization with PA
and 100% after immunization with PA plus FIS in mice in-
fected with strain 9602. The effect of spores on protective
immunity is therefore not a consequence of greater neutral-
ization of toxin activity. Animals also developed an antibody
response to spore antigens, as determined by ELISA. The
improved protection may be a consequence of the response to
these antigens, as has been proposed for live-spore vaccines
(3). The contribution of FIS to protection against infection was
demonstrated by constructing a PA-deficient strain, 9602P, and
using it for challenge. Immunization with FIS was sufficient to
protect guinea pigs totally, and mice partially, against infection
with the capsulated 9602P strain. Interestingly, the virulence of
9602P in mice and guinea pigs was very different: guinea pigs
were relatively resistant to 9602P, and thus the toxin is likely to
be the main virulence factor in anthrax-infected guinea pigs.
This probably also explains why guinea pigs are easier to pro-
tect with PA-based vaccines than mice. Moreover, successful
passive protection with anti-PA sera has been reported in
guinea pigs (15). In contrast, mice were as sensitive to 9602P as
to the wild-type parental strain, 9602, which supports observa-
tions made with pXO2� derivatives of virulent strains (32, 35).
Therefore, control of septicemia might differ greatly between
host species. Protection of hosts highly susceptible to infection
probably requires more than PA-mediated toxin neutraliza-
tion.

In summary, we present evidence that inclusion of killed
spores greatly enhances the protective efficacy of a PA-based
vaccine. Immunization with FIS plus PA provides a synergistic
protective immunity acting on both toxemia and infection. The
immune response induced by FIS may act early by blocking
germination, a critical step at the onset of pathogen multipli-
cation (6, 31). The molecular mechanisms of the protective
immunity induced by FIS and the putative role of spore anti-
gens need to be further investigated. It is clear that full pro-
tection against anthrax requires a multifactorial immune re-
sponse. The results presented here may serve as the basis for
the first design, for human use, of a subunit vaccine as protec-
tive as the current live veterinary vaccine.
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